Introduction
One of the major constituents of the extracellular matrix (ECM) is hyaluronan (HA), a non-sulfated glycosaminoglycan found in all vertebrate tissues. It is composed of repeating units of the disaccharides D-glucuronic acid and N-acetyl-D-glucosamine and can reach up to 25,000 disaccharide units (Toole 2004) . Unlike most other polysaccharides, mammalian HA is synthesized at the inner surface of the plasma membrane by three synthases, HAS1, HAS2 and HAS3. It has been suggested that these synthases all differ in catalytic activity as well as in product size (Weigel et al. 1997; Itano et al. 1999) . Hyaluronidases are a family of enzymes that degrade HA through hydrolysis of the β(1-4) linkages between dimeric sugar moieties, generating a wide range of different sized HA oligomers (Stern and Jedrzejas 2006) . HA can also be degraded by free radicals, and there are even studies suggesting that free radicals and hyaluronidases may coordinate their action in degrading HA under certain pathological situations ). Thus, dependent on the physiological conditions, HA polymers ranging from small oligomers of only a few kilodalton to large megadalton molecules can be found in the ECM of different organs or tissues. How the balance between the different HA sizes is maintained is still unknown. However, it is known that both the size of HA and its tissue concentration play an important role in many biological and pathological processes Jiang et al. 2011) .
It is relatively easy to determine the HA concentration and localization in different tissue samples using enzyme-linked binding protein assays and histochemistry-based methods. On the other hand, the molecular weight, and hence the size, of HA has so far been a more challenging task to measure. Among methods for studying HA size are viscosity measurements, diffusion measurements, NMR spectroscopy, electron and atomic force microscopy (Cowman and Matsuka 2005) , gel electrophoresis (Lee and Cowman 1994) , size-exclusion chromatography (SEC), light scattering and sedimentation equilibrium techniques (Hokputsa et al. 2003; Hellman et al. 2010) . These methods are often labor intensive, restricted to certain size ranges or require large amounts of HA. Extracting HA from tissue samples often yields very low quantities, especially when working with biopsies or mouse models where the amount of tissue is restricted. Therefore, a reliable method for size determination of HA with high sensitivity is desired.
Here, we present a method for size determination of HA using gas-phase electrophoretic mobility molecular analyzer (GEMMA), which utilizes the electrophoretic mobility of single-ionized molecules in air, to estimate the molecular weight of the analyte (Kaufman et al. 1996) . We have tested HA in the MW range of 30-2400 kDa where the apparent electrophoretic mobility diameter (EMD) shows a logarithmic dependence on the molecular weight of HA. Thus, with the exception of very small HA oligomers, GEMMA is able to determine the size of HA in its whole biological range (Jiang et al. 2011) , which makes GEMMA, with its high sensitivity, an excellent tool for HA size determination.
Results
The electrophoretic mobility (Z p ) of HA is presented as an apparent EMD of a single charged sphere-shaped molecule, calculated from Eq. (1):
In this equation, e is the elementary charge (1.602 × 10 −19 C), η the gas viscosity (1.820 × 10 −5 kg/m/s), λ the mean molecular free path (66.5 nm in our instrument) and α, β and γ the constants in the Cunningham slip correction factor (1.142, 0.558 and 0.999, respectively; manual Model 3980C macroIMS Macroion Mobility Spectrometer, 2006) . The Z p of 10 different HAs of defined molecular weights was measured at different concentrations, and the corresponding EMD spectra were calculated using the macroIMS Manager Software version 2.0.1.0. The HA peak in each EMD spectrum was fitted to a Gaussian distribution (Table I) , and the average peak maximum of two to four replicate measurements was plotted against its corresponding molecular weight ( Figure 1 ). As can be seen, the EMD as a function of HA molecular weight shows a two-phased linear dependence with a break point around 100 kDa. HA with MW ≤ 70 kDa can be fitted according to Eq. (2a), whereas EMD of larger HA molecules are better described by Eq. The smallest detectable EMD in the GEMMA setup used in this study is 2.55 nm. Using Eq. (2a), this corresponds to an HA molecular weight of ca. 7.5 kDa. Representative GEMMA spectra of 70 and 2420 kDa HA are presented in Figure 2A and B. In addition, a mixture of 31, 54 and 171 kDa HA was measured at two concentrations. For both The EMD for each molecular weight was calculated from the Gaussian distribution of the GEMMA spectrum measured at different concentrations. The variation in EMD is displayed as the standard deviation of N measurements. Table I ). The standard deviation of each measurement is at the most 0.07 nm. concentrations, the EMD profile showed two main peaks and one shoulder peak. A multiple Gaussian distribution fit of the experimental data gives three peaks at 5.34 ± 0.11, 6.48 ± 0.021 and 7.36 ± 0.12 nm ( Figure 2C ). According to Eqs. (2a) and (2b), these would correspond to molecular weights of 31.2 ± 1.8, 56.1 ± 0.6 and 238 ± 64 kDa, which is in a good agreement with the molecular weight of HAs used.
As in the case of proteins and DNA (Kaufman et al. 1996; Mouradian et al. 1997; Bacher et al. 2001) , the EMD peak area (A EMD ) of HA is proportional to its concentration ( Figure 2A ). The peak area of 70 kDa HA measured at 48, 100, 192 and 340 ng/mL showed a linear relation with the concentrations (Figure 3 ) as determined by ELISA (R 2 = 0.999). This was also observed for all other molecular weights of HA measured (data not shown). However, an HA size-dependent response of the A EMD was observed. The sizedependent response of A EMD was determined by the slope of the linear concentration dependence of each HA size ( Figure 3 ). As can be seen, a linear relationship of the concentration-dependent slopes as a function of molecular weight of HA is observed. Thus, the concentration of HA in a sample can be estimated from A EMD and the molecular weight according to:
where slope is the HA molecular weight and concentrationdependent slope of the GEMMA response, which for HA in our GEMMA instrument is (2.7 × MW + 46) × 10 9 . Thus, in addition to size determination, GEMMA can also be used to estimate the concentration of HA from A EMD and its molecular weight.
Discussion
There is a strong contrast between the simple structure of HA and its complex biological functions. Thus, HA is not only an inert molecule supporting the ECM, but has been recognized in numerous receptor-mediated cellular events both under normal physiological states and under pathological conditions (Jiang et al. 2011) . To understand the biological functions of HA, it is therefore necessary not only to determine the HA concentrations but also to characterize its molecular size distributions. In addition, HA samples are often extracted from cell cultures or small tissue samples yielding low quantities of HA. Consequently, there is a great need for methods with high sensitivity that accurately determine HA sizes in biologically relevant samples.
GEMMA was originally developed to determine molecular weights of globular proteins (Kaufman et al. 1996) . We have developed a method using GEMMA to study the size of HA in a molecular weight range that covers almost its whole biological span. The average measuring time for one GEMMA spectrum is between 5 and 10 min using only 125-300 nL of HA sample. With an HA concentration of ca. 50 ng/mL, a GEMMA spectrum can be achieved with only ca. 6 pg of HA (Figure 2 ). In addition, the method shows very good reproducibility for the HA range of 30-2400 kDa that we have tested (Table I) . The low detection level also ensures that the measurements are done at concentrations far below the critical concentration at which the HA domain overlaps or entanglements occur, which for 500 kDa HA has been determined to be 0.43 mg/mL (Gribbon et al. 1999) .
The resolution of the GEMMA system is comparable with that of SEC. Although high-performance SEC is extremely reproducible, it occasionally needs calibrations using known standards. This is not necessary for GEMMA since the electrophoretic mobility in air depends solely on the geometrical dimensions of the instrument, the electrical potential and the airflow in the differential mobility analyzer (DMA), physical parameters that can easily be controlled with high accuracy (Kaufman et al. 1996) . Thus, once the electrophoretic mobility of HA has been calibrated, no further calibration of the GEMMA instrument is needed. The short measuring time to record a GEMMA spectrum is also a big advantage compared with SEC, gel electrophoresis or sedimentation techniques, which are methods with comparable resolution. Biological HA extracted from tissue samples or cell cultures are often heterogeneous in size. It is therefore likely that the resolution of GEMMA is not sufficient to separate individual HA components, as demonstrated in Figure 2C . Nevertheless, the profile of the GEMMA spectrum will be a good indicator of HA size distributions when different biological samples are compared. This can be very useful when HA extracted from healthy and pathological tissues are compared.
The apparent EMD of spherical shaped molecules is related their mass (m) and density (ρ) according to:
However, molecules having shapes that deviate from spheres are likely to have a larger apparent EMD value than their spherical counterparts with the same volume. This can easily be explained by the fact that the EMD for non-spherical molecules reflects the rotational average diameter of the randomly tumbling molecule, which is always larger than the diameter of a sphere with the same volume. This phenomenon has been observed for DNA, where single stranded DNA showed 
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smaller EMD values than double stranded DNA due to the fact that single stranded DNA could coil up to a nearly spherical shape, whereas double stranded DNA remained rod-like when its droplet dried in the GEMMA instrument (Mouradian et al. 1997 ). HA, due to its chemical structure, is expected to give non-spherical droplets in the GEMMA instrument. This assumption is strengthened by the fact that HA is in a more extended conformation at low ionic strength as used here (Gribbon et al. 1999 ) and that the negative coating of the capillary in the electrospray unit of the GEMMA instrument induces a repulsive force that constrains HA to exit the nozzle of the electrospray in an extended conformation. Thus, the aspect ratios of the non-spherical droplets are expected to increase with increasing molecular weight of HA. According to Eq. (4), the measured EMD for HA with molecular weights of 31, 54 and 70 kDa correspond to spheres with an effective particle density of 0.66 ± 0.02 g/cm 3 . This is considerably lower than anticipated since the partial-specific volume of HA is, dependent on solvent, between 0.5 and 0.6 cm 3 /g (Gómez-Alejandre et al. 2000) . Analogous to the DNA work by Mouradian et al. (1997) , this can be explained by the fact that HA dry to rod-like shapes that tumble randomly in the DMA of the GEMMA instrument, which results in a lower electrophoretic mobility than spheres with the same volume. However, for HA > 70 kDa, we observe the opposite effect regarding the density of a sphere back-calculated from the EMD. In fact, the HA density assuming a sphere increases linearly from 1.2 g/cm 3 at 128 kDa to 13.2 g/cm 3 at 2400 kDa. This is also reflected in the sharp kink in the correlation between the EMD of HA and its molecular weight (Figure 1 ) that occurs between 70 and 128 kDa. Thus, the EMD values of HA >70 kDa underestimate the molecular weight of the molecule. The only way to explain this phenomenon is that the rod-like HA droplets become partially oriented by the electric forces in the DMA (Zeleenyuk and Imre 2007) , forcing the HA molecules to travel more frequently parallel to their long axis. This will affect the dynamic shape factor that is part of the Cunningham slip correction factor in Eq. (1). In addition, the particle alignment depends not solely on the electric field in the DMA, but also on the aspect ratio of the analyte particle (Hansson and Ahlberg 1985) . It is therefore likely that larger HA molecules, having a larger aspect ratio, will be more aligned in the DMA than small HA molecules. This also explains why the apparent density increases with increasing molecular weight of HA. A breakpoint in alignment is around 70 kDa where smaller HA, although rod-like in shape, tumbles randomly and larger HA tend to orient in the electric field of the DMA. However, by calibrating the HA molecular weight dependence of the apparent EMD, we can compensate for the discrepancy caused by the non-spherical shape of the HA molecule. This is demonstrated by the good reproducibility of the GEMMA instrument (Table I) . Thus, once the HA molecular weight dependence of EMD has been determined [Eqs. (2a) and (2b)] no further calibration of the GEMMA instrument using known standards is needed.
There is a direct linear correlation between the HA concentration and the EMD peak area (A EMD ) in the GEMMA spectrum. However, the slope of the correlation is increasing with increasing size of HA (Figure 3 ). This is expected since the aerosol transport efficiency in the GEMMA instrument is affected by physical properties related to the size of the analyte molecule (Kaufman 1998) . Nevertheless, GEMMA has the potential to make quantitative measurements relating peak area to concentration provided that the size dependence of the response can be established (Kaufman 1998) . We have, therefore, established the dependence of the GEMMA response as a function of HA size and concentration. The size of HA tested in this study varies by almost two orders of magnitude, and each size of HA gives a different slope in the correlation between A EMD and HA concentration (Figure 3) . However, we note that the change in slopes is linearly correlated to the molecular weight of HA (Figure 3 , inserted graph), and can be estimated by the equation; slope = (2.7 × MW + 46) × 10 9 . The slope of the GEMMA response as a function of HA concentration can also be described by; slope = A EMD / [HA] . Combining the two equations yields Eq. (3) (see Results section), which can be used to estimate the concentration of HA from the A EMD and the molecular weight of HA, quantities that can be achieved from one single GEMMA spectrum.
With an HA solution of ca. 50 ng/mL, a GEMMA spectrum with a good signal-to-noise ratio was achieved within 10 min using only 6 pg of material. The low detection level of the GEMMA method is advantageous compared with other size determination methods like SEC with multi-angle light scattering (MALS), sedimentation techniques or gel electrophoresis, which usually has detection limit >0.01 mg/mL (Hokputsa et al. 2003; Cowman and Mendichi 2004) . It can, therefore, be used to determine the molecular weight of HA in samples with very low concentration, something that is crucial when extracting HA from small tissue samples.
In conclusion, we show that GEMMA can be used to successfully determine that molecular weight of HA between at least 30 and 2400 kDa, which corresponds to HA polymers between 75 and 6250 disaccharide units. With the exception of very small oligo-HA, this covers the whole biological range of HA. The high sensitivity and small sample volume of GEMMA measurements ensure that HA size determinations can be achieved from extractions from very small tissue samples. In addition, GEMMA can be used not only for size determinations, but also to estimate the concentration of HA. We therefore believe that GEMMA can be used as a routine instrument in many different research areas where HA is involved. In addition, we believe that the GEMMA method is applicable for size determination of other glycosaminoglycans, which may or may not be sulfated, provided that their shape dependence of the EMD is calibrated.
Materials and methods

Sample preparations
Reference HA of defined molecular weights of 31, 54, 70, 128, 171, 260, 510 , 1100 and 2400 kDa were purchased from Hyalose (TX) and HA with molecular weights of 850 and 1300 kDa were a kind gift from Novozyme (DK). The molecular weights of these reference HA samples were determined by the manufacturer using SEC with MALS and gel L Malm et al.
electrophoresis. Stock solutions of reference HA were prepared by re-suspending the lyophilized HA in MilliQ grade H 2 O to a final concentration of 1 mg/mL. The stock solutions were stored at −80°C until further use. Prior to the GEMMA measurements, the stock solution was thawed and shaken at room temperature for 2 h at 2000 rpm using a VXR basic Vibrax (IKA, DE) followed by a short centrifugation at 14,000 × g. An aliquot of the stock solution was further diluted to 100 µg/mL in 20 mM ammonium acetate pH 7.2 (buffer A), followed by 2 h of shaking at 2000 rpm to avoid HA entanglements. The final dilution series, with HA concentration between 50 ng/mL and 10 μg/mL, were prepared by mixing the 100 µg/mL sample with buffer A in accurate proportions 10 min prior to each GEMMA measurement. Twenty microliters of the final sample was loaded in the sample vial of the GEMMA instrument. However, only ca. 300 nL or less of that volume is consumed to generate a good quality GEMMA spectrum.
GEMMA measurements
All GEMMA measurements were performed according to the manufacturer's instructions using a standard GEMMA system (TSI Corp., MN). The theory and practical aspects of GEMMA have been extensively discussed earlier (Kaufman et al. 1996; Bacher et al. 2001) . Briefly, HA dissolved in buffer A was turned into an aerosol using a 3480 electro spray generator. The HA aerosol was separated according to electrophoretic mobility using a 3080 electrostatic classifier equipped with a 3085 DMA working at a sheath flow rate of 20 L/min. HA particles were detected using a 3025A ultrafine condensation particle counter operating in the high flow mode. Most parameters were used as recommended by the manufacturer. To achieve a reliable cone jet spray, the capillary pressure drop was first set to 3.7 psi and the voltage was adjusted between 1.50 and 2.00 kV. When a reliable cone jet had been achieved, the capillary pressure drop was adjusted to 2 psi and the GEMMA spectrum was measured. The DMA was adjusted to scan the electrophoretic mobility of molecules corresponding to spheres with diameters between 2.55 and 25.5 nm. Each GEMMA spectrum is an accumulation of three scans with a sampling time of 105 or 205 s per scan with a sample flow of 25-30 nL/min.
HA concentration analysis
Measurements of HA concentrations from samples of each molecular weight were controlled using an enzyme-linked binding protein assay (Corgenix, CO), as described earlier (Hellman et al. 2010) .
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